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PREFACE

The electrical design of the AC-DC Power Processor was performed

by D. L. Cronin. The Mechanical and Thermal Design was performed by

Mel Monegan, John Bertero and Efren Mendez. The Electrical Testing

and Evaluation was performed by L. Y. Inouye. The Electromagnetic

Interference Tests were performed by Hector Huertas.
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1. INTRODUCTION.

The U. S. Army Electronics Research & Development Command is

developing standardized power processing modules for application in

the different power subsystem configurations being planned for digital

equipment in communications, data handlinq, surveillance, and weapon

systems. This report presents the results of work performed under

Contract DAABO7-76C-1336 for the U. S. Army Electronics Research &

Development Command to develop the AC-DC Power Processor Type I Power

Module.

The Original Demonstration Model of the AC-DC Power Processor was

developed under Contract DAAB07-70-C-0245 in 1969. It was composed of

two phase displaced series resonant power stages operating at approxi-

mately 7kHz repetition rate. The unit had three problems areas: (1)

high acoustic noise level, (2) high component temperature, and (3) high

electromagnetic interference levels.

The specific objective of this contract was the development of an

Advanced Development Model AC-DC Power Processor that would provide

precision; transient free 28V, lOOA output power from a 120/208VAC 30

50, 60, 400Hz input power bus; improve reliability and performance; and

reduce development, production and logistic costs.

A study was made to reduce the acoustic noise from the power proces-

sing delivery multikilowatt of output power. As a result of the review,

a four stage phase displaced power module configuration, each operating

at 1OkHz, was selected in order to reduce the peak currents in the power

processor. The high peak currents flowing in the magnetic and capacitor

components contributed to acoustic sound level emitting from power proces-

sing equipment. The phase displaced operation minimizes output filtering

requirements since the effective output ripple frequency is 80kHz.

A new thyristor series resonant inverter power stage was developed

that would improve the DC to DC conversion efficiency. The series resonant

inverter power stage includes an energy control system where excessive LC

resonant tank energy is fed directly to the output load. This helps to

improve the overall efficiency of the power stage.

-l -



A complete 3.2KW AC-DC Power Processor was designed, breadboarded,

and tested. The reliability analysis predicts a mean time between failure

of 12,200 hours. The complete electrical design was packaged to fit into

a 19 inch rack panel. The unit was fabricated into five electrical sub-

assemblies and four auxiliary mechanical subassemblies.

The dimensions of the unit are 10 inches in height, 17 inches in

width, 18.9 inches in length and weighs 88.8 lbs. The front panel dimen-

sions are 19 inches wide and 10.5 high. The unit is designed to operate

with free convection cooling. A summary of the test results are presented

in Table I.

The advanced development model of the 3.2KW AC-DC Power Processor

fulfills the need for standardized U.S. Army Power Processing Equipment.

The following sections present a discussion of the design philosophy

and theory of operation (Section 2), a discussion of the advanced develop-

ment model electrical and mechanical design (Section 3). Section 4

summarizes the electrical, thermal, electromagnetic and acoustic test

results.

Two AC-DC Power Processor Advanced Development Models were delivered

to the U.S. Army Electronics Research & Development Connand, Fort Monmouth,

N.J., as part of Contract DAAB07-76C-1336.

-2-
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2.0 DESIGN PHILOSOPHY AND THEORY OF OPERATION.

The theory of operation of the AC-DC Power Processor is presented

and includes the following functions:

9 Series LC Resonant Inverter Power Stage.

@ Control System.

* System Waveforms.

A discussion is also presented on component considerations and

their relative impact on the AC-DC Power Processor.

a. SERIES LC RESONANT INVERTER POWER STAGE

The Series LC Resonant Inverter has been under development at TRW

DSSG since 1q69 under both NASA and U.S. Army contracts. The major

design constraint for the Series Resonant Inverter is the method of

energy control for the series resonant capacitor. Different techniques

have been developed that optimize the power stage efficiency over the

expected changes in the input power bus voltage.

As a switching device, the thyristor suffers from limitations in

di/dt and dv/dt capabilities, reverse bias requirements for controlled

turn-off and from relatively slow switching speeds. These shortcomings

are circumvented in a very efficient manner in the series inverter

circuit configuration.

figure 1 illustrates the basic series inverter circuit used in

this power supply. It consists of two SCR switches, a series resonant

LC network (L, L2, Cl and C2), output transformer T, output diodes

CRI and CR2 and output filter capacitor Co.

When a controlled rectifier is turned-on, an oscillatory current

flows through the series combination of the inductor L. the load trans-

former T. and the series capacitor C. The sinusoidal current. flow, )ccur-

ring at a frequency determined by the LC components, is zero when an SCR

is initially turned on, builds up to a maximuimi determined by tihe circuit

parameters and then returns to zero. As the current passes through ero, the

resonant capacitor is charged to a voltaoe higher than the supply volta(le and

-4-
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the inductor voltage drops to zero. The sum of the capacitor voltage and

transformer voltage appears as a reverse voltage on the conducting SCR

during its recovery to a blocking state.

The sinewave current ensures SCR operation below the maximum di/dt

rating and minimizes the voltage-current product during the initial switch-

ing interval to mitigate the disadvantage of slow SCR switching.

Although the series inverter allows full utilization of the high-

voltage and high-current capabilities of the SCR, it has an inherent func-

tional subtlety requiring circuit modification.

For certain conditions of input line voltage and output load, the

voltage across the series resonant capacitors will build up indefinitely

until limited by dissipative inverter elements.

Clearly, in order to avoid excessive voltage build-up across C, a

means must be implemented to control the energy build-up in the LC tank

circuit.

A technique for protecting against voltage build-up is shown in

Figure 2. The components CR3, CR4, and the secondary windings of Ll

and L2 provide this capability. Excess energy, manifested as an induced

voltage on the secondary winding of Ll and L2 during their respective dis-

charge cycles, is fed into the output filter capacitor Co and the load,

clamping the inductor Ll or L2 voltage to the output DC level. The excess

energy is thus delivered to the output filter and output load at a constant

di/dt rate depending on the DC output voltage and inductance Ll or L2. At

the end of the so-called "spillover" period, capacitors Cl and C2 are

charged to a value as to yield a constant series resonant inverter current,

cycle to cycle.

The series inductor reverses its voltage at the peak current and

continues as a cosine function until the winding N2 of inductors Ll or L2

is clamped to the output voltage through diodes CR3 or CR4. At this time,

the energy stored in the inductor is transferred directly to the load

from the inductor and the transformer and SCR current goes to zero, as

shown in Figure 3.a., b and c. Due to the leakage inductance between the

windings Nl and N2 of the inductor, it takes approximately 5us before all of

the inductor primary current is transferred to the inductor winding N2.

-6-
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a) Transformer
Primary Current
I = 20A/Div
Horiz = 5v's/Div

b) Transformer
Secondary Current
I = 40A/Div
Horiz =5,0s/Div

Secondary Current
I = 40A/D~iv
Horiz =5;is/Div

SINVERTER WAVEFORM



Figure 4 shows the instantaneous component voltage polarities when

current starts flowing in inductor secondary winding N2.

The following voltage condition exists when inductor winding N2

starts to carry:

Assume: e°

Transformer ET = 29V (Assume IV diode drop) = (E0 + EDiode)
Secondary Voltage: N2

Transformer ET = 29V x 29T = 93.4V = x Nl
Primary Voltage: T ETN2 N2

Inductor
Secondary Voltage: EL2 N2= 29V = E + EDiode

Inductor = 29V x10 = 108.75V E Ni
Primary Voltage: L2Ni 8T L2N2  N

Assume: EINDc= 280V

The instantaneous voltage loop equation is: (See Figure 4)

EINDC + EL2NI - ET - Ec2  = 0

280 + 108.75 - 93.4 - EC2  = 0

Capacitor Voltage: EC2  = 295.35

Thyristor Voltage: ESCRI = 295.35 - 280 = 15.35V Reverse Voltage.

During the 5ps inductor transfer time (See Figure 3.C.), the series capacitor

continues to change voltage due to continued current flow in the inductor

primary winding.

The net voltage change AEC2 i _- 9A x 5 x 106 =62.5 (Data from Figure 3.C.)
-9- 72 x
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1 SCRI,
4. ~ - Li CR3

e.e

I11: TI0
T

C2 T

FIGURE 4 EQUIVALENT CIRCUIT DURING TURN-OFF OF SCR 1
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The net reverse SCR voltage at turn-off is:

15.35 + 62.5 = 77.85VDC

During short circuit operation, the net reverse SCR voltage at turn-off

calculates in a similar fashion to be 105VDC.

This demonstrates during all modes of operation that SCR always has

reverse back biasing voltage to ensure SCR turn-off and that the reverse

voltage is always under control using the new energy controi technique

where the secondary winding of the resonant inductor is clamped to the

output filter capacitor.

-11-



b. Control System

Figure 5 presents a simplified control system block diagram for the

AC-DC Power Processor. The block diagram includes a three phase input

rectifier-filter network which feeds unregulated DC power to four phase

displaced series resonant inverter power stages described in the

previous section. The output power from the power stages is filtered by

a common output filter capacitor.

The feedback voltage control system includes an output voltage divider.

The divider voltage is compared to a precision reference voltage and the

net error is amplified by an integrating operational amplifier. A

current sensor (energy sensor) is located in series with the output

filter capacitor and senses the output filter current change which is

also amplified by the integrating amplifier. Output filter energy change

transients are sensed immediately and controls the output voltage of

the integrating amplifier.

The voltage to frequency oscillator converts an input analog voltage to

a proportional digital pulse output frequency.

The input voltage to the voltage to frequency oscillator controls the

oscillator output pulse frequency. The ring counter divides down the

frequency and steers the pulse to free each power stage thyristor (SCR)

in the correct sequence.

During output short circuit or overload operation, the current feedback

mode becomes operational. The operating current level in one power stage

is sensed and compared to a reference voltage. The operational amplifier

output voltage is or-gated to the voltage-to-frequency oscillator and

takes over control of the power stage operation.

-12-
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c. System Waveforms.

Figure 6 shows the control system waveforms which includes the

integrator amplifier output voltages, the voltage to frequency oscillator

output and the drive signals to the power stage SCR's.

At full load operation the voltage to frequency oscillator has its

maximum input and maximum output frequency of 8OkHertz which allows each

power stage to operate at its lOkHertz maximum operational frequency.

Because of the phase displacement of the power stage, the effective

output ripple frequency is 80kHertz and, therefore, minimizes the output

filtering requirements.

As output load is decreased, the integrator amplifier output voltage

decreases. This also decreases the output oscillator frequency to maintain

the output power demand.

-14-



INTEGRATOR AMPLIFIER
VOLTAGE

VOLTAGE TO FREQUENCY
OSCILLATOR

(VARIABLE FREQUENCY)

(80kHertznmax.)

POWER STAGE #1 -

SCR #1

SCR #2

POWER STAGE #2-

SCR #1

SCR #2 _______

POWER STAGE #3 SC #

SCR #2

POWER STAGE #4--

SCR #1

SCR #2

FIGURE 6 -CONTROL SYSTEM WAVEFORMS
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d. Component Considerations

The component selection for the AC-DC Power Processor was governed by

four basic requirements:

* Thermal control of Advanced Development Model using free

convection cooling only

e Electromagnetic Interference Control.

* Use of standard production power electronic parts
to reduce production costs.

The Advanced Development Model is cooled by free convection cooling and

has a specification to maintain the front panel at a maximum temperature of

1100F in an ambient temperature of 770F.

The driving force on the front panel temperature was that the power component

operating temperature forced more heat load into the internal trapped air

when the component thermal resistance was high between the component and

the finned heat sinks. Every attempt was made to select electrical components

that had low thermal resistance.

Because of this constraint for low thermal resistance, the power semi-

conductors and magnetics are oversized which penalizes the electrical com-

ponent weight. The oversized components includes the input three phase

bridge rectifiers, the power stage rectifiers and power magnetics.

Due to the advanced development nature of the thyristor series resonant

inverters, power ac resonant capacitors are not available with different

ac current ratings and therefore oversized components are also used.

Standard production electronic components are used throughout the design to

minimize the component qualification costs and to allow for a component

second source supplier. The standard parts already have known failure rate

data and would minimize the U.S. Army deport stocking requirements.

-16-



3.0 AC-DC POWER PROCESSOR ADVANCED DEVELOPMENT MODEL

A complete electrical breadboard has been designed, fabricated and

tested. This electrical design was then packaged into an Advanced

Development Model, shown in Figure 7. The front panel dimensions are 19 inch

wide by 10.5 inch high. The main chassis dimensions are 17 inch width,

18.9 inch length and 10 inch high.

The AC-DC Power Processor is divided up into five separate modular

subassemblies for ease in manufacturing, testing and maintainability.

The following sections present the Electrical, Mechanical and Thermal

Design of the AC-DC Power Processor. All reliability predition and a break-

down of the power loss and weight is presented.

a. Electrical Design.

a.l Block Diagram

The block diagram of the AC-DC Power Processor is shown in Figure 8.

The 3 phase 120/208V, 50/60/400Hz input power passes through a high

frequency EMI filter and AC input power circuit breaker. The AC power

passes through a low frequency EMI filter and is then rectified by a full

wave, three phase bridge and filtered.

The filtered DC Power (270VDC) is fed to four SCR series resonant

inverter power stages, of which each is operating at a maximum frequency'

of lOkHz and is phase displaced with respect to each other to minimize

the input and output filtering requirements. With four parallel operating

stages, the peak AC current in the power components is reduced and mini-

mizes the audio noise emanating from the unit. The four modules also

help to distribute the heat loss through the mechanical package.

Each series resonant inverter powers a transformer and output rectifier

and a common output filter. The DC output power goes through the DC output

breaker and output EMI filter. This illustrates the power flow from the three

phase AC input to the DC output for the AC to DC power processor.

The three phase AC input also supplies power to a fused three phase

transformer rectifiar-filter to establish the necessary voltages for all

of the internal control logic power for the AC to DC power processor.

-17-



/

'-A

~~$2 4(\ ~



DRI VER
& PULSE
TRANS FOI

DRIVER
4 & PULSE
TRANS FOF

1 20/208 VAC

IPT3 PHASE INPUT 3 PHASE LC

FITRBREAKER FILTER RECTIFIER FILTER

47-420HZ
30 DRIVER

OV & PULSE

I-_ 
TRANS FOI

: i DRI VER
CONTRL 5V& PULSE

TRNFRER 1V5 TRANS FOI

RING
COUNTER



DRIVERPOE
& PULSE SCR SERIES TRANSFORMER RECTIFIER

TRANSFORMER INVERTER & RECTIFIER'

CURET APLI FI ER

FLYBACK
R E C T I F I E R R E T F E

DRIVERECT SCR SEISROE

-- & PULSE INVRERIE ]- TRANSFORMER
, TRANSFORMER I  IVRE & RECTIFIERI

RECTIFIER LC OUTPUT OUTPU
OUTPUT CIRCUIT EMI
FILTER BREAKER FILTE

DRIVER SRSRE OE CLO& PULSE I NERERE TRANSFORMER DC LOOP
TRANSFORMER RRECTIE N

F TRANS FE

AC LOOP
FLYBACK CAPACITOR
RECTIFIER CURRENT VOLTAH SENSE SET

DRIVER SCR SERIES POWER MAXIMUM MAXIMUM
& PULSE TRANSFORMERFRQECVOTG
TRANSFORMR INVERTER O MRECTIFIER F VOLTAGE

NlIG RECTI FI ER VOLTAGE
TER GATE CONTROLLED INTEGRATING

OSCI LLATOR AMPLI FI ER

FIGURE 8 BLOCK DIAGRAM AC/DC POWER PROCESSOR

19/20



ERL

R
ER

4 OUTPUT CIRCUIT EMI EMT
FILTER BREAKER FILTER RMT

VOLTAGE
SENSE

R-- DC LOOP
ER -~REMOTE-LOOP

______________SENSING &
TRANSFER

AC LOOP
- CAPACITOR _______

R CURRENTVOTG

ER FREQUENCY VOLTAGERE RNC

ER

OSCI LLATOR

FIGURE 8 BLOCK DIAGRAM AC/DC POWER PROCESSOR

19/20



The undervoltage and overvoltage sensor monitors the input power bus

voltage and provide automatic turn-off of the power processor during ab-

normal input power line conditions. When the input power bus returns to

the normal operating range, the undervoltage/overvoltage sensor will allow

the power processor to automatically return to its normal operating con-

ditions. Undervoltage operation: (Off at 66 Volts (L-N), on at 108 Volts

(L-N).) (Overvoltage operation: Off at 144 Volts (L-N) on at 132 V (L-N).)

Each SCR series resonant inverter has a SCR gate pulse transformer

and an associated driver stage to control the relative firing of the

power SCR's. The inverter control logic accepts the following signals

and increments the ring counter which determines the correct firing sequence

for each SCR.

1) Output voltage regulator signal to adjust each module to
meet the required DC output voltage.

2) Output current regulator signal to adjust each module
to meet the output current limit requirements.

3) Maximum frequency set to limit the maximum frequency of
operation.

4) Maximum voltage clamp to limit the maximum output voltage
during transients.

5) Undervoltage/overvoltage sensor to halt power processor
operating in the event of abnormal input power bus condition.

The external voltage adjustment varies the DC voltage feedback signal

for the voltage regulator. This feedback signal and the signal determining

the output filter energy level is compared with a precision reference. The

combination of the dual feedback loop is to provide high loop gain without

instability and improved transient response due to input line voltage and

output current disturbances.

The external current adjustment varies the current feedback signal for

the current regulator and has a range of 5 amps to 100 amps. This feedback

signal is compared with a precision reference. The net analog error is

amplified by the current regulator electronics and provides the necessary

signal to the inverter control logic.
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The DC output voltage can be directly controlled from the output

filter terminals of the power processor or from the remote sense lines

at the end of the 25 ft. DC output power cable. The remote/local sense

transfer network automatically transfers to an internal local sense if

the output remote sense lines open or the output circuit breaker is

tripped.

a.2 Schematic

Figures 9 through 12 contain the complete electrical schematic for

the AC-DC Power Processor.

Figure 9 shows the schematic for the output LC filter, ASDTIC feed-

back current sensor (C19 & TI), output breakers (CB2), output EMI filter

for both power and remote sense line; output current shunt (R4) and the

front panel metering and adjustment for output voltage and output current.

Figure 10 shows the schematic for the four phase displaced series

resonant power stage modules. Two modules are located on mechanical sub-

assebmly A2 and the other two are located on mechanical subassembly A3.

DC input power comes in on point A & B and DC output power comes from

points G & H (also shown on Figure 9).

The following description is presented for one module and is similar

for the remaining three modules.

The power module includes an input filter capacitor Cl, two power

thyristor VRI and VR2 and their associated pulse transformers Tl and T2,

series resonant inductor assembly Ll (contains two separate inductors),

power transformer T3, output rectifiers (CR1 & CR2), series resonant

capacitors C4 and C5 and output filter capacitor C6.

Only one module contains a current sensor for current regulation. One

current sensor is included as part of Ll and the other current sensor is

included as part of T3.

Each thyristor has a RC network for noise suppression on the gate

and another RC network for dv/dt control.

Figure 11 shows the schematic for output regulator control electronics.
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The input signal includes:

Point C +12VDC Power

Point D +5VDC Power

Point E Return

Point F UV/OV Signal

Output Voltage Sense and Adjustment

Output Current Sense and Adjustment

The output sigaials are 8 pulse drives to the series resonant power stages.

Operatic.nal amplifier AR3 provides the output voltage sensing. Resistor

R49 controls the maximum output voltage setting.

Operational amplifier AR4 provides the output current sensing. Resistor

R41 controls the maximum output current setting.

Operational amplifier AR2 provides the sensing for maximum output over-

voltage during transients. Resistor R35 controls the maximum output over-

shooting setting.

These three operational amplifiers (AR2, AR3, and AR4) are diode or-

gated (CR20, CR21, and CR22) to the voltage to frequency oscillator com-

posed of operational amplifier ARl and UIO. The maximum frequency of the

voltage to frequency oscillator is adjusted by Resistor R31.

The output from the voltage-to-frequency oscillator goes to the ring

counter U9 and the output pulse drivers (U3, U4, U5 and U6).

Figure 12 shows the schematics of the input EMI filter, input rectifier,

control power transformer and regulators and input undervoltage and over-

voltage sensor.

The input signals are the 3 phase 120/208VAC 47Hz to 420Hz.

The output signals are:

* Points A & B rectified DC power to series resonant modules.

* +12V, +SV & Return for Control Electronics.

* OV/UV Signal to Control Electronics.
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The high frequency EMI filters includeFLi, FL2 and FL3. CBI is the

input three phase circuit breakers. Inductor Li is the common mode EMI

filter.

The low frequency EMI filter is composed of inductors L2 through L7

and capacitors Cl through C6.

Diode CR1 of A4 is the main three phase, full wave bridge rectifier.

Inductor L8 is che power filter choke.

PowerZener Diodes (VRI and VR2), part of A4, bleed power off the main

DC bus during input overvoltage transients.

Three low current fuses (Fl, F2 and F3) control the three phase power

to transformer Tl. The output of Tl is rectified by diode bridge CR1, part

of Al. This DC power is regulated to +12V by VRl, part of Al and to +5V

by VR2, part of Al.

The main DC input power is regulated down to +12V by Zener Diodes

(VR3 and VR4) for the undervoltage and overvoltage control electronics.

Amplifier Ul senses for undervoltage and overvoltage conditions and

provides an output signal to the regulator control electronics through the

optical isolator U2.
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b. Mechanical Design

Figure 13 shows the AC-DC Power Processor in an open position with its

handling fixture during electrical checkout. The mechanical subassemblies

include:

0 Front Panel

* Al - Printed Circuit Board

a A2 - Left Side (2 Power modules)

* A3 - Right Side (2 Power modules)

0 A4 - Rear Panel

The parts list for each mechanical subassembly is contained in Appendix A.
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Figure 14 shows the Front Panel-Front View. Input power controls are

on the left and output control are on the riqht.

Input control consists of

0 Input 3 0 Circuit Breakers

0 Pcwer on Indicator LIght

* 3 Fuses Plus Spare for Control Power

The Output control consists of:

0 Output DC Circuit Breaker

* DC Voltage/DC Current Meter

* Meter Select Switch

* Output Voltage Adjustment Pot

a Output Current Adjustment Pot

Figure 15 shows rear view of the front panel. It shows wiring of

components and location of subassembly connectors: TBI (3 0 power connection)

Jl (3 0 control power connection), J2 (DC control signal) and CB2 (DC power

and remote sense).

The interface between the front panel and the side panels has a machined

surface in order to increase the thermal resistance of the front panel and to

allow it to run cooler than the remainder of the mechanical assembly.

Figure 16 shows the printed circuit board assembly (Al). It is mounted

to the hinged top cover of the AC-DC Power Processor. Connector Jl contains

the three phase input power. Connector J2 contains the DC input signals and

thyristor pulse drive signals.

The printed circuit assembly contains the three phase control power trans-

former, +12V voltage regulator, +5V voltage regulator, the undervoltage/over-

voltage sensor electronics and the regulator control electronics, shown in the

schematic (Figure 11).

Figures 17 and 18 show the left side power stage (subassembly) A2

and the right side power staqe (subassembly A3),respectively.
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In Figure 18 the power thyristors are located along the bottom edge

which runs cooler than the top edqe. In the bottom center is located the

input filter capacitors and series resonant capacitors. The top center

contains the output filter capacitors. The output power transformer and

output rectifier diodes are mounted along the top edge. The dual reactor

assembly between the thyristors and power transformer is comprised of the

two series resonant inductors. The only special electrical insulating

hardware is located under the power thyristors, thereby reducing the thermal

resistance of all components mounted on the two side panels.

Figures 19 and 20 shows different views of the rear panel assembly

(A4). In Figure 19 the input connector and high frequency EMI filter can

be seen in the lower left corner. The low frequency EMI filter inductors

and capacitors are mounted on the rear wall and top shelf of the extensions.

The three-phase power bridge diode is also mounted on the rear panel. The

output DC current shunt is mounted on the top right-hand corner. The output

filter capacitors are mounted on the bottom shelf of the extension.

Figure 20 shows the output connector and EMI filter assembly in the

bottom right corner. The output filter inductor is mounted above it.

Special safety notices have been placed on the top cover assembly,

(1) for the weight limitation and the requirerient for two men to carry the

unit and (2) for internal high voltage which can injure the test personnel.
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C. T-hermal De-s ian.

The advanced development model AC-DC Power Processor is designed to

operate in a free convection environment without the use of external forced-

air cooling.

A thermal mockup was fabricated to evaluate cooling technique and to

devise a method to control the front panel temperature at 110'F. Based on

the results of the thermal mockup tests, a thermal control technique was

established.

All heat-producing components are mounted on the two-side finned

heat sinks (Modules A2 and A3), Figures 17 and 18, and on the rear finned

heat sink (Module A4), Figure 19.

On the side heat sinks (A2 and A3), the thyristors are mounted on the

bottom edge in order to have the lowest operating temperature. Power

magnetics are mounted in the center and the output rectifiers are mounted

near the top edge since they can ope-ate at higher temperatures.

The rear finned heat sink panel A4 has the three-phase bridge rectifiers,

input EMI filter inductors, dc filter inductor, and output current shunt

mounted on the surface.

The front panel does not have any heat producing components mounted

on it. The thermal resistance between the front panel and side finned heat

sinks is maximized so that the front panel will meet the l1O"F maximum

temperature limit when the unit is operated at 77°F ambient.

Every attempt is made to reduce component operating temperatures and

to minimize the heat load injected into the internal trapped air. This

trapped air causes the front panel temperature to rise.
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d. Reliability Prediction.

A reliability prediction of the AC-DC Power Processor was performed

in accordance with the procedure outlined in Section 3 of MIL-HDBK-217B.

The general expression for estimating the AC-DC Power Processor

equipment failure rate based on Section 3, MIL-HDBK-217B methods is:

i~n

EQUIP - ;: N. ( i
i 'G"Qi

\EQUIP = total processor failure rate (failures/106 hr)

NG -- generic failure rate for the i th generic part
(failures/106 hr)

TQ = quality factor for the i th generic part

Ni  = quantity of i th generic part

n = nuner of different generic part categories

The estiated failure rate for each processor electrical part is

tabulated in Table II.

Microelectric devices have an additional multiplying factor,

(learning factor) as defined in Table 3-4 of MIL-HDBK-21'B. For items

44-50 of Table II, n'L was assumed to be 10 and is included in AG for each

generic part.

The mean time between failure (MTBF) of the AC-DC Power Processor

is estimated to be 11,580 hours. This value is greater than the contract
requirement of 2,000 hr (MTBF) and therefore the basic electrical design

does not present any problem in meeting the contract reliability requirement.

Of the total equipment failure rate of 86 x lo-6 failures per hour,

35 percent was due to the adjustable resistors, 35 percent was due to the

power semiconductors and 20 percent was due to integrated circuits.
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e. Power Loss Analysis.

Table III shows a breakdown of the 453 watt power loss when the

AC-DC Power Processor is operating at 28 volts 100 amps DC output. The

calculated efficiency is 86.1 percent.

The power semiconductor losses account for 47 percent of the total

power loss. The power magnetics dissipate 27 percent of the total losses.

The remainder of the losses are in capacitors, shunt, cabling, and control

electronics.
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TABLE III. POWER LOSS ANALYSIS FOR AC-DC POWER PROCESSOR

(eo = 28 VDC, 1o = 100 ADC)

ITEM LOSS

Input EMI Filter 13 Watt

Input Rectifier 24 Watt

Input Filter Inductor 9 Watt

Input Filter Capacitors 12 Watt

Per Power Stage

SCR 22.5 Watt 90 Watt

RC Suppression 4 Watt 16 Watt

Inductors 10 Watt 40 Watt

Capacitors 2 Watt 8 Watt

Transformer 14 Watt 56 Watt

Rectifier 25 Watt 100 Watt

Output Filter Capacitor 12 Watt

Output Filter Inductor 5 Watt

Output Shunt 10 Watt

Output EMI Filter 10 Watt

Controls 12 Watt

Internal Cabling 36 Watt

TOTAL LOSSES 453 Watts

EFFICIENCY 2800 86.1%Z
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f. Weight Analysis.

Table IV shows the total weight of each subassembly and a breakdown

of the mechanical hardware, electrical components and cabling weight. The

mechanical hardware and electrical components account for 45% of the

weight, respectively. The interconnecting cabling and wiring account

for 10% of the total weight.

Table V lists all of the magnetic components used in the AC-DC Power

Processor and account for 53% of the total electrical component weight.

Major reduction in weight can be obtained with the following changes:

1. Use of forced-air cooling.

2. Elimination of the three-phase input rectifier filter.

3. Use of higher internal switching frequencies.

Forced-air cooling would reduce the size of the finned heat sink

and would allow smaller electrical power components to be used since

component thermal resistance will not longer be a design driver. Perforated

top and bottom covers would also eliminate internal tapped air.

Dr. F. C. Schwarz has a new circuit* that processes AC power to DC

power without the use of the input low frequency bridge rectifier filter.

This new circuit would reduce the input EMI filter and input low frequency

filtering.

The new power transistor (D6r) from Westinghouse can be used in place

of the slow switching thyristors and allow the operating frequency to

increase from the present lOkHz to 20 or 30kHz without any penalty in

efficiency but a reduction of the electrical component weight.

With these proposed changes, the packaged weight of 88.8 lbs. can

be reduced to 60 lbs., or lower. The principal design constraint would

be the heat removal of 450 watts.

*F.C. Schwarz, Patent No. 4,096,557, "Controllable Four Quadrant AC to
DC Converter Employing an Internal High Frequency Series Resonant Link.
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TABLE IV WEIGHT ANALYSIS FOR AC-DC POWER PROCESSOR

WEIGHT BREAKDOWN

TOTAL MECHANICAL ELECTRICAL CABLING

WEGH -A L HARDWARE COMPONENT & WIRING
WEIGHT - LBS WEIGHT-LBS WEIGHT - LBS WEIGHT-LBS

Front Panel 6.5 3.4 2.8 0.3

Al Control Card 2.4 0.6 1.6 0.2

A2 Left Side 22.7 10.4 11.2 1.1

A3 Right Side 22.7 10.4 11.2 1.1

A4 Rear Panel 25.3 10.2 13.9 1.2

Covers (Top & Bottom) 3.4 3.4 ....

Frames (Top & Bottom) 1.4 1.4

Interconnecting Cabling
Harness 4.4 -- 4.4

TOTAL 88.8 39.8 40.7 8.3
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TABLE V

MAGNETIC COMPONENT WEIGHT ANALYSIS

TOTALPART NUMBER QUANTITY NAME WEIGHT WEIGHT
gms ea. gms

D 29 50 86 1 Input EMI Common Mode Inductor 55 55

87 3 Input EMI AC Power Inductor 446 1338

88 3 Input EMI AC Shunt Inductor 126 378

89 1 DC Input Filter Inductor 1065 1065

90 1 DC Output Filter Inductor 276 276

91 1 Output Power EMI Inductor 106 106

92 1 Output Sense EMI Inductor 17 17

93 1 Control Transformer 535 535

94 4 Resonant Inductors (2L) 965 3860

95 4 Power Transformer 510 2040

96 8 SCR Drivers Transformer 5 40

97 3 Current Sense Transformer 10 30

TOTAL MAGNETIC COMPONENT WEIGHT 9740 gms

21.5 lbs
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4. SUMMARY OF TEST DATA.

The AC-DC Power Processor Advanced Development Model was fully tested.

The following sections summarize the test results and is grouped into the

following four subsections:

o Electrical Performance.

* Thermal Control.

* Electromagnetic Interference.

* Acoustic Noise.

a. Electrical Performance.

Complete electrical, temperature and continuous duty stability tests

were performed with 60Hz and 40OHz 3 0 AC input, and all data is contained

in the Evaluation Report submitted to the U.S. Army Electronics Research &

Development Command, Fort M nmouth, N.J. The following sections summarizes

the results of this test data.

Table VI summarizes the output voltage regulation when the input line

is varied from 1O8VAC to 132VAC (line to neutral). The unit is well within

specification limits.

Table VII summarizes the output regulation with local sense when the

output load is varied from 1.6A to 10OADC. The unit meets specifications

but the voltage regulation is high due to the internal IR drop due to the

circuit breaker, internal power cable, output EMI filter and output

connector.

Table VIII summarizes the output regulation with remote sense on the

end of the 25 ft. power cable. The output regulation is greatly improved

over Table VII. No instability or oscillation was noted during the remote

sense operation.

Table IX presents the output regulation due to ambient temperature

change from -25*F to +145 0F.

Table X presents the output long-term voltage stability as a function

of time during the 72 hour continuous operation test. The unit is within

the specification requirement.
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TABLE VI OUTPUT REGULATION DUE TO LINE CHANGE

eo ~ Ae 0(e.i 108 to 132VAC) Spec.

Io100ADC + 1%

24VDC 2mV 48OmV

28VDC l0mV 56OmV

32VDC 5mV 640mV

TABLE VII OUTPUT REGULATION DUE TO LOAD CHANGE (LOCAL SENSE)*

eAe 0 (I = 1.6 to 10OA) Spec.
0_______ 0 +%.

24VDC l88mV 48OmV

28VDC 184mV 56OnmV

32VDC l91mV 640mV

*At output connector terminals

TABLE VIII OUTPUT REGULATION DUE TO LOAD CHANGE (REMOTE SENSE)*

eo Ae 0 (10 1.6 to 100A) 1 Spec.

+ 1%

24VDC 20mV 48OmV

28VDC 2OnmV 480mV

29VDC 2OmV f 48OmV
*At the end of 25ft cable.
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TABLE IX AMBIENT TEMPERATURE OUTPUT REGULATION

(e in 120VAC) SPEC

TEMPERATURE Ae 0  (e. 28VDC) + 1%

(10 100ADC)

145"F -115mV28m

-250F +119mV 280mV

TABLE X OUTPUT VOLTAGE STABILITY

TIME e (e~ 120VAC) A
TIE(I0 = lOOA) Ae0

-I0 Hr. 28.016 0
4 Hr. 27.998 -18mV

15.5 Hr. 28.002 ~-14mV
17.5 Hr. 27.997 -l9mV
21.0 Hr. 28.002 -16mV
24.5 Hr. 28.003 -13mV
39.5 Hr. 28. 003 -13mV
44.5 Hr. I28.005 -llmV
48.5 Hr. 28.006 -10mV

63.5 Hr. 28.010 -6mV
68.5 Hr. 28.007 -9mV

172.0 Hr. 28.010 -6mV

+ 0.5%
SPEC + 140mV
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Table X I prVeents the Output ri ple as a fnCti On of Oultpu (t volIt ag(It

and output current. Both the RMS Valu 1 ond peak -to- pea k values% are,

presented. The unit meets speci ficat ion reqluirements.

Figjure :21 shows the output current 1limi t during overload te%t i u

and meets the( 5", specification requi rements.

FiguJ~re 22 shows the output vol tage t ranis ient response and recovery

time durnqn turn-oil in to a lig ht load and 1 O0A 1load and 1load Step transient

between 11 ght to 100OA load. Duri ng turn-on * there is an overs_-hoot, of about

1 volt (4*11) and takes 6ms to recover (Figure 2?) . Durinq step load tran-

si en ts, the maximum output dlevi at ion (F igure '92c ) is about 01.5V ( 2",) and

recovery timle is 6mis ma ximnum. The spec ifi cation limits are 10",, overshoot

and ."5mis recovery timle.

F igure 2.3 shows the AC-DC Power Processor efficiency when supplied

with a DC input where accuratc diglital vol tage measuremients call be made

on input volt ati and input current . The control electronics module was

Supplied with an external low voltage suoply. The efficiency is a function

of output vol taqv S ice the out put rectifiers drop is a 1 arqe percentaote of

the output voltate value.

F i ure 24 Ows5 the out put impedance of the AC-I)C Power rrocessor.

This data is presented as reference information since there is no

S.pec if ication requ iremnnt s

The AC-DC Power Processor was al1so tes ted as a bat tery chargjer whrre

it wouild charge ait the current l imi t established by the front panel control.

When thet chartie reached its voltage 1li mit . the unit would operate at a

conlstant voltagle and thet chargle current was tapered back. No instabilityI or oscilIlat ions were notevd during tis mode of operation.



TABLE XI OUTPUT RIPPLE

RIPPLE V.i (L-N) = 120VAC

1 0 o= 24VDC eo=28VDC e=32VDC

Vp P V RMS V pp VRMS v - VRM

1.0 300mV 40mV 200mV 32mV 190rnV 28mV

20 200mV l9mV 200mV 17mV 190mV 20mV

40 22OniV 28mV 220mV 29mV 22OtnV 30niV

60 23OmV 34mV 24OmV 37mV 25OmV 42mV

80 240mV 40mV 260mV 46mV 260mV 42mV

100 270mV 47niV 2600V 45mV 270mV 5OmV

SPEC + 1% 0.5% + 1% 0.5% + 1% 0.5%

48OmV l2OmV 560mV l4OvmV 640mV I6OmV
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Eo = 28V
Ein = 132V; 60HZ

a) Turn-on Transient
Io =1.4A

AlV =5V/div

HORIZ =2Onis/div

Ib) Turn-on Transient
tv, Io IOO0A

V 5V/div

I c) Load Transient
Io =100A to 1.4A
V = 1V/div
HORIZ =20nis/div

i i d) Load Transient

lo =1.4A to 100A
V =1V/div
HORIZ =2Oms/div

VI!, Ik .'AY1[INT AND RECOVERY TIME
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b. Thermal Profile Tests.

All heat producing components were mounted on the two side-finned

heat sinks and rear-finned heat sink. The front panel was thermal isolated

to provide safety for the operating personnel.

Table XII shows the test results on the unit at the end of 72 hours
test running at 28V, lOOA output. The test results show a cool front

panel (118 0F) in a 830F ambient temperature. The hottest exposed part

temperature was 155 0F. The hot spot internally was the output power

transformer 203°F.

Table XIII shows the test results on the unit after stabilization

at 145 0F ambient temperature. The hot spot temperature was the output

power transformer 210°F.

c. Electromagnetic Interference Tests

The foilowing electromagentic interference tests were performed at

60Hz and 400Hz input frequency and output loading of 50 and IOOADC.

e Conducted Emission

CEO DC power 30Hz to 50kHz
CE02 AC power lOkHz to 50kHz
CE04 Power leads 50kHz to 50MHz NB
CE04 Power leads 50kHz to 50MHz BB

* Radiated Emission

RE02 E-Field NB
RE02 E-Field BB

* Conducted Susceptibility

CS02 Power leads 50kHz to 400MHz
CS06 Power leads, Spike

* Radiated Susceptibility

RS03 E-Field 15kHz to 400MHz

A separate EMC evaluation test report was submitted to the U.S. Army

Electronics Research & Development Command that contains all of the detailed

test data. A brief summary is contained in the following section. The

electromagnetic interference specification for the AC-DC Power Processor

is MIL-STD-461, Notice 4.
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TABLE XII- AC-DC POWER PROCESSOR TEMPERATURE PROFILE AT 83"F AMBIENT
(COMPONENT AND UNIT TEMPERATURES AT END OF 72 HOUR TESI)

T.C. NO. LOCATION TEMP F

1 Outside Ambient 83

2 Outside-Front Panel 118

3 Outside-Left Side-Opposite Rectifiers 152

4 Outside-Left Side-Adjacent SCR's 152

5 Outside-Right Side-Opposite Rectifiers 155

6 Transformer-Left Side 203

7 PC Board Surface 157

8 Input Filter Capacitor 165

9 Output Filter Capacitor 175

10 Right Side Rectifier Case 175

11 Left Side SCR Case 161

12 Air Just Below PC Board 168

TABLE XIII AC-DC POWER PROCESSOR TEMPERATURE PROFILE AT Tamb.- 1450 F.
(COMPONENT AND UNIT TEMPERATURES AFTER STABILIZATION)

T.C. NO. j LOCATION TEMP OF

Outside Ambient 145

2 Outside-Front Panel 151

3 Outside-Left Side - Opposite Rectifiers 166

4 Outside-Left Side - Adjacent SCR's 164

5 Outside-Right Side - Opposite Rectifiers 160

6 Transformer-Left Side 210

7 PC Board Surface ---

8 Input Filter Capacitor

9 Output Filter Capacitor 181

10 Right Side Rectifier Case 175

11 Left Side SCR Case

12 Air Just Below PC Board 177
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c.l. Conducted Emission.(CE1,_ CEO?, CEO4)

0 DC Power Line CEOl

Figure 25 shows the conducted narrowband emissions on the DC output

power line with 60Hz input power. The maximum out of specification con-

dition is about 12db ,A. With 400Hz input power, additional narrowband

frequencies appear in the output. The maximum out of specification con-

dition increas(s to about 22db mA.

0 AC Power Line CE02

Figure 26 shows the narrowband conducted emission with 60Hz input.

The unit is withi specification limits,

Figure 27 shows the narrowband conducted emission with 400Hz input.

A maximum out of tolerance condition is 18db A. Part of the conducted

emission is due to the 400Hz power generator, since power lines did not

pass through an EMI filter to eliminate all harmonics from the power gen-

erator.

* AC & DC Power Lines CE04

The DC output power line did not have any narrowband conducted emissions

and met specification limit.

Figure 28 shows the broadband conducted emissions on the DC output

power line with 60Hz input power. It has a maximum out of tolerance con-

dition of 20 db ,V/MHz. With 400Hz input power the out of tolerance condition

reduces to 5db .V/MHz.

The AC input power line did not have any narrowband conducted emission

and met specification limit.

Figure 29 shows the broadband conducted emissions on the AC input

power line with 60Hz input power. It has a maximum out of tolerance con-

dition of 25db .V/MHz at 1.5Hz. With 400Hz input power the out of tolerance

condition reduces to lOdb.V/MHz.
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c.2 Radiated Emissions (RE02).

Figure 30 presents the narrowband radiated emissions in the

15kHz to 50kHz range. Maximum out-of-specification conditions were

about 40db due to series resonant inverter switching frequency.

Figure 31 presents the broadband radiated emissions in the

15kHz to 2MHz range. Out-of-specification conditions are about 1ldb.

Additional EMI shielding and gaskets are required between mechanical

subassemblies in order to reduce the radiated emissions.

c. 3 Con duct ed _S-us cep-t-i bi l ity (CS.O2,. CS_06_).

No indication of susceptibility was roted as a result of the

injection of required susceptibility signals onto the input ower,

lines during the CS02 test.

During conducted susceptibility, spike test CS06. noise excer'4nFg

the + 0.28V peak-to-peak ripple voltage liii t occurred when input s ,ike

peak was 75V min vs. a specification limit of lOOV. This ripple was

seen in the AC-DC power processor both when power was turned on and

turned off. This indicated that a ground plane current was coupled

between the input hiqh frequencv EMI filter and output EM] filter,

c.4 Radiated Suscep.tibility (RS13-)

No indications of susceptibility were observed with the AC-DC

Power Processor when irradiated at the required field levels.

d. Acoustic Noise Test.

Acoustic noise mIeasurements. were made on the Advanced Development

Model using the Geieral Radio type 1033 sound system analyzer in the "A"

filter mode at 5 ft. distance from the unit. The wors' case noise was

radiated from the sides. Table XIV contains the test results f the

armblent temperature at IOOA and 50A output conditions The Unit Met

th e ,pecifi(at ion limit by at least 7d marg in.
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TABLE XIV ACOUSTIC NOISE TEST

OCTAVE BAND LIMITS MEASURED LEVEL
CENTER FREQ. (HZ) DB A) AMBIENT B) 28V, 100A C) 8V, 50A

(Unit Off) - ___(Output)__ -- (Output) ---

125 54 43 43 44
250 42 33 36 35

500 40 28 29 31

1000 35 19 20 j20
2000 36 13 16 18

4000 41 14 28 22

8000 43 16 36 3
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5. CONCLUSIONS

The advanced development model AC-DC Power Processor described in

this report demonstrates a significant advance in power processing technology.

The following is a summary of the milestones accomplished:

1) Development of thyristor series resonant inverter power stage

that control the energy in the inductive and capacitive resonant
components and therefore controls the peak current and voltage

stresses on the power components during all modes of operation.

2) Phase displaced operation of four separate power modules from

one common output voltage regulator with excellent regulation

and transient response and reduced input/output filtering re-

quirements.

3) Mechanical packaging that facilitates maintainability.

4) Thermal control concept that ensures adequate component operating

temperature.

The Advanced Development Model of the AC-DC Power Processor shows

major improvements on the Demonstration Model developed in 1969 on

Contract DAAB07-70-C-0245 in the following areas:

0 Low acoustic noise

e Improved EMI characteristics

* Improved thermal characteristics.

-
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6. RECOMMENDATIONS.

The requirements for free convection cooling and the use of

standard electrical components greatly penalize the size and weight

of the advanced development model AC-DC Power Processor.

All shelter installations have forced-air cooling provisions.

This forced-air cooling would allow the reduction of the size and

weight of the finned heat sinks. Louvres on the top and bottom

covers would also reduce the internal air heat load and the

temperature rise of the front panel.

Redesign of the power semiconductor mounting provisions and

thermal control, resonant capacitors and filter capacitors would

also reduce the electrical component weight.

Explorator work should also be performed on an alternate series

resonant inverter concept proposed by Dr. F. C. Schwarz in reference

[71, (United States Patent 4,096,557).

In this concept, the three phase rectification and low frequency

input filter would be eliminated and low frequency electromagnetic

interference filter would be greatly reduced.

With the improved cooling, redesign components and new circuit

configuration, the total weight of the AC-DC Power Processor would

be reduced from 88.8 lbs. to 55 lbs. and still maintain the same

component operating temperatures.
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APPENDIX A - PARTS LIST

The electrical parts list is presented for the following
modular subassemblies:

0 Front Panel

* A] Printed Wiring Board Assembly

& A2, A3 Left and Right Side Panel

* A4 Rear Panel
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